The desiccation sensitivity of seeds of Inga vera Willd. subsp. affinis, a recalcitrant-seeded tree from Brazil, was analysed, focusing on water relations and cell-cycle aspects, including DNA content and the microtubular cytoskeleton.
Introduction
The genus Inga belongs to the family Leguminosae (subfamily Mimosoideae) and comprises c. 300 species of trees restricted to tropical and subtropical America. It is a ubiquitous component of lowland and montane rainforests from 24°N in Mexico to 34°S in Uruguay. Inga species generally exhibit rapid growth, tolerance of acid soils and high production of leafy biomass, which helps to control weeds and erosion. Inga vera Willd. subsp. affinis (DC.) T.D. Penn., native to South America (Brazil, Paraguay, Uruguay, Argentina, Bolivia, Peru and Colombia), is a common riverbank species in lowland rainforests and gallery forests in Cerrado (savannah) regions, growing up to 25 m high and 40 cm stem diameter. It associates with Rhizobium and mycorrhizae (Davide et al., 1995; Pennington, 1997) . In south-eastern Brazil, I. vera is used in restoration of riparian forests, and its fast-growing seedlings are able to withstand submersion for up to 3 months. Fruits can float on water, which is the most effective agent in Inga seed dispersal (Bilia et al., 1999) . Its seeds are shed at high water contents, they are considered recalcitrant (desiccation sensitive) and germinate immediately upon shedding. Vivipary is a common feature within the genus (Pennington, 1997; Farnsworth, 2000) . Because of its habitat, Inga seeds are not naturally exposed to drying, which, even to a small extent, is injurious to them. Such sensitivity to drying makes the storage of I. vera seeds, as well as those of other recalcitrant species, very difficult.
Seeds that can be dried to very low moisture content (MC) and have their viability extended by storage at low temperature and relative humidity have been termed 'orthodox' by Roberts (1973) . With opposite behaviour, seeds that lose viability when dried to relatively high MC, were termed 'recalcitrant'. Such seeds, particularly those of tropical origin, are generally also chilling sensitive and cannot be stored at temperatures below about 15°C (Dussert et al., 1999; Pammenter and Berjak, 1999) . A third category of seeds, called 'intermediate', was proposed by Ellis et al. (1990) , for grouping seeds that have intermediate postharvest behaviour, i.e. those that are relatively desiccation tolerant, but do not withstand removal of water to levels as low as those tolerated by orthodox seeds. They can generally be stored for periods of intermediate length. Such seeds are often chilling sensitive, even in the dehydrated state.
Development of orthodox seeds can be divided in three major phases: histo-differentiation, maturation and maturation drying (Bewley and Black, 1994) . During the phase of maturation, orthodox seeds acquire desiccation tolerance, which is maintained after shedding. In contrast, recalcitrant seeds do not complete maturation drying, are shed at relatively high water contents and are always sensitive to desiccation . At shedding, MCs of recalcitrant seeds [1.00-2.33 g H 2 O (g dry matter)
‫1מ‬ ] are much higher than those of orthodox types [0.18-0.25 
g H 2 O (g dry matter)
‫1מ‬ ] , except those that develop within a wet fruit. A suite of mechanisms and processes has been implicated in the tolerance to desiccation of orthodox seeds, e.g. insoluble reserve accumulation, metabolic switching off, and presence and operation of repair systems during rehydration. The absence or inadequate expression of one or more of these mechanisms is considered to be the cause of desiccation sensitivity in recalcitrant types .
Water is, perhaps, the key to understanding seed biology, since it is involved in every dynamic process in a living cell (Sun and Gouk, 1999) . The loss of water from plant cells is an important environmental stress, influencing the structural stability and all aspects of biological functions (Sun, 2002) . After shedding, the extent of water loss tolerated by recalcitrant seeds without decreased viability varies among species, but it is always much less than in the orthodox types. Furthermore, the level of desiccation sensitivity is influenced by the developmental stage of the seed and the dehydration conditions (Hong and Ellis, 1990; Berjak et al., 1993) . According to Sun and Gouk (1999) , in studies on water relations in seeds, thermodynamic parameters, such as water activity (a w ) and water potential, should be preferred to the mass-based expression of MC, because they relate directly to the biophysical and physiological events that govern the desiccation sensitivity in recalcitrant seeds, while the latter is influenced largely by various components of the seeds. Probert and Longley (1989) stated that the relationship between moisture content and viability of recalcitrant seeds should be independent of drying rate. However, there has been some disagreement about the influence of drying rate on desiccation sensitivity (Berjak et al., 1993) . In many species, drying rate affects desiccation sensitivity (Farrant et al., 1985; Pritchard, 1991; Pammenter et al., 1991 Pammenter et al., , 1998 Liang and Sun, 2000; Wesley-Smith et al., 2001) . In contrast, very small or no effects have also been reported (Finch-Savage, 1992; Berjak et al., 1993; Pritchard et al., 1995) . From the great majority of reports on drying rate influencing desiccation sensitivity, it appears that the faster the desiccation rate, the lower the MC that can be reached before viability starts to decrease. It is obvious though that, no matter how rapid desiccation-sensitive tissue is dried, there is a lower limit below which it cannot survive, and this MC is always higher than the water content to which orthodox and intermediate seeds can be dried . What can be drawn from the literature is that the effect of drying rate on viability loss in recalcitrant seeds is species specific.
When recalcitrant seeds are subjected to artificial drying, viability is first slightly reduced (Hong and Ellis, 1996) or is not affected (Pritchard et al., 1995) , depending on the species. Further desiccation leads to a quick reduction of viability. The point at which a rapid drop of viability starts to be observed is termed the 'critical moisture content' (King and Roberts, 1979) or 'lowest safe moisture content' (Tompsett, 1984) . The point where viability is completely lost is called 'lethal moisture content ' (Hong and Ellis, 1992) .
The cell cycle is the orderly sequence of events by which a cell duplicates its contents and divides into two (Alberts et al., 1998) . It has been suggested that cells at the G 1 phase of the cell cycle (2C DNA content) are more resistant to stress, when compared to cells at G 2 (4C DNA content), and also have higher viability for extended periods of time (Deltour, 1985) . This was confirmed by Saracco et al. (1995) , who found that primed seeds of pepper (Capsicum annuum), with a high frequency of 4C nuclei, were more sensitive to ageing. Cells in embryos of desiccation-tolerant seeds of various species predominantly contain 2C DNA, implying that, during embryo formation, developmental control imposes an arrest of the cell cycle, predominantly in the G 1 phase (reviewed by Vazquez-Ramos and Sanchez, 2003) . The inhibition of DNA synthesis might be linked to the drop in water content during seed maturation (Deltour, 1985) and also to the presence of abscisic acid (Bouvier-Durand et al., 1989) . Cell cycling has been related to metabolic activity in hydrated tissues . Since recalcitrant seeds show no developmental arrest and are metabolically active and highly hydrated at shedding (Berjak et al., 1992 (Berjak et al., , 1993 Uniyal and Nautiyal, 1996; Berjak and Pammenter, 2000) , it can be expected that the cell cycle is not totally arrested at shedding, leading to a higher proportion of cells at G 2 phase (4C DNA content), when compared to orthodox types. This might be one of the causes of desiccation sensitivity, as proposed by Boubriak et al. (2000) .
Another component of the cell cycle, the microtubular cytoskeleton, should also be considered, since its reassembly is markedly sensitive to desiccation stress (Sargent et al., 1981) . Microtubules (MTs) are elongated tubular structures, made of α-and ␤-tubulin, which are capable of rapid changes of length, number and location by assembling from a cytoplasmic tubulin pool and later disassembling (Dustin, 1978) . In higher-plant cells, the MT configurations (cortical, preprophase band, spindle and phragmoplast) change dynamically during the cell cycle (Vantard et al., 2000) . MTs and their associated motor proteins play an important part in intracellular transport and positioning of a wide variety of macromolecules, vesicles, organelles and other macromolecular structures essential to plant growth and development (Goddard et al., 1994; Alberts et al., 1998) . Such spatial architecture within the cell can be irreversibly deranged by stresses, such as dehydration of desiccation-sensitive seeds . MTs also function in the morphogenesis of plant cells, i.e. cell elongation, determination of the division site and cytokinesis (Kumagai and Hasezawa, 2001 ). MT reassembly is among the cellular repair processes that have been linked to desiccation tolerance (Oliver, 1996; Mycock et al., 2000) .
In order to proceed toward long-term storage of recalcitrant seeds, e.g. for seed-bank purposes, a better understanding of the basis of desiccation sensitivity is a prerequisite. For this reason the present study was carried out to characterize the development, desiccation sensitivity and germination of I. vera seeds, focusing on such cell-cycle aspects as DNA content and the microtubular cytoskeleton. General information about the characteristics of the seed and the species was also included, to have a more complete picture of the phenomenon of recalcitrance, as suggested by Berjak and Pammenter (1994) .
Materials and methods

Plant material
Seeds of I. vera at four developmental stages [6, 9, 10 and 14 weeks after flowering (WAF)] were obtained from fruits hand-harvested from ten adult, healthy trees, growing in riparian forests along the Rio Grande river surrounding the city of Lavras, Minas Gerais State, Brazil. The coordinates at the collection site are 21°09ЈS and 44°53ЈW, and the altitude is 808 m. The climate is classified as a transition between Cwb and Cwa, i.e. hot and humid summers with mild and dry winters, according to the Köppen classification (Köppen, 1936) . Mature fruits were collected in January 2002 and January 2003. Immature fruits were collected in November and December 2002. Just after collection, seeds were extracted manually from the fruits, packed into a Styrofoam box and shipped to The Netherlands by an express service. The seeds arrived after 48 h and were immediately processed, sampled and treated, as indicated for each experiment. During processing of the seeds, the sarcotesta was removed, which caused removal of the seed coat as well ( Fig. 1a-d ).
Storability of fresh embryos
To determine the life span of fresh (non-dried) mature I. vera embryos, a small storage trial was carried out. Embryos were stored in glass containers covered with Parafilm at three different temperatures (5, 10 and 20°C) in the dark. After 10 and 18 d, germination tests were performed at 35°C on moist sand in constant light to assess embryo viability (4 replications of 20 embryos).
Desiccation methods and assessment of moisture content, water activity and water potential
As a preliminary test, mature embryos were dried in a single layer in closed cabinets at 20°C under circulating air at different relative humidities (RH%), achieved by different saturated salt solutions. Three drying rates were tested: fast (10% RH, achieved by NaOH), intermediate (35% RH; MgCl 2 ) and slow (89% RH; KCl). Since there was no effect of drying rate on desiccation sensitivity, the intermediate rate was chosen for drying seeds for the subsequent experiments. MCs of the embryo and axis were determined gravimetrically on four replications of ten embryos by oven drying for 17 h at 103°C (ISTA, 1996) . Water activity (a w ) measurements of the embryos were performed with a water activity meter (HygroLab 3, Rotronic, Germany) in four replications of 5-8 embryos. Water potential (ψ w ) was calculated from water activity using the equation ψ w = RT ln (a w )/V, where R is the gas constant (8.314 J mol ‫1מ‬ K
‫1מ‬
), T is the temperature (Kelvin) and V is the partial molal volume of water (18.048 ml mole ‫1מ‬ ). Fresh and dried embryos were used for germination tests and immunohistochemical detection of the microtubular cytoskeleton.
Germination tests
Germination tests of fresh and dried embryos were carried out on moistened sand in plastic boxes (11 × 11 × 3.5 cm), under constant light. In order to determine the best temperature for germination, the mature seeds collected in January 2002 were set to germinate at eight temperatures, from 5 to 40°C, at 5°C intervals, following a recommendation of Hong and Ellis (1996) . The subsequent germination tests (for immature seeds and for mature seeds collected in January 2003) were conducted at 35°C, which was found to be the best temperature for germination. Germination was scored at least daily, with visible growth of the radicle being the criterion for germination.
DNA content assessment
Relative DNA content was assessed by flow cytometry, using suspensions of intact nuclei prepared from embryonic axes. Each treatment was composed of ten replications of one axis, divided into root and shoot parts. Samples were prepared according to Arumuganathan and Earle (1991) . All analyses were performed with a Beckman-Coulter EPICS XL-MCL flow cytometer (Beckman-Coulter, Miami, Florida, USA) equipped with an argon ion laser at 488 nm. At least 5000 nuclei were analysed in each replication. Histograms were processed using ModFit LT (Verity Software House, Topsham, Maine, USA) for data analysis and correction of the background noise. Statistical analyses were performed by using the software SPSS 11.0.1.
Immunohistochemical detection of microtubular cytoskeleton (␤-tubulin)
Embryonic axes were excised from fresh and dried mature embryos, cut longitudinally, plunged into liquid propane and transferred to cryo-tubes containing 1.5 ml of frozen freeze-substitution medium (water-free methanol + 0.1% glutaraldehyde). The cryo-tubes were put in a freeze-substitution unit (Cryotech, Benelux, Schagen, The Netherlands) for 48 h. After freeze substitution the freeze-fixation medium was replaced by ethanol (series of increasing concentrations), followed by embedding in butylmethylmethacrylate (BMM) and UV polymerization at -20°C, according to Baskin et al. (1992) . Four axes were analysed for each treatment. Longitudinal sections with a thickness of 3 µm were placed on slides, and BMM was removed by washing in acetone. The slides were then rinsed in fullstrength phosphate-buffered saline (PBS), pH 7.3, and sections were blocked in 0.1 M hydroxyl tetraammonium chloride (HAH) and in 26 mM bovine serum albumin (BSA). Next, they were incubated with the primary antibody [mouse anti-␤-tubulin (Sigma, Zwijndrecht, The Netherlands), diluted 1:200 v/v] and with the secondary antibody [goat anti-mouse IgG conjugated with fluorescein-5-isothiocyanate (FITC) (Molecular Probes, Leiden, The Netherlands), diluted 1:200 v/v]. As a control, slides without the first antibody were used for every treatment.
Results
General characteristics of Inga vera seeds
Flowering started in the beginning of October, and mature fruits began to fall by the end of December. Mature fruits are yellowish-brown, indehiscent elongated pods, 7 cm length on average (3-15 cm). Seeds are elliptical, green and non-endospermic, with the surface entirely covered by a white edible sarcotesta (Fig. 1a) . The sarcotesta is rich in sugars and originates from the hypertrophied layer of Malpighian cells. It forms an attractant for dispersing animals, mostly primates (Pennington, 1997) .
Some physical characteristics of the embryos are shown in Figs 1 and 2. At shedding, the MC of the embryos was around 1.5 g H 2 O (g dry matter)
‫1מ‬ . Surrounding tissues, composed of sarcotesta and pericarp, showed even higher MCs, respectively 7.33 g H 2 O (g dry matter)
‫1מ‬ and 2.68 g H 2 O (g dry matter) -1 . Often germination was detected within the unopened legume (vivipary), as already reported for Inga spp. by Farnsworth (2000) . Polyembryony was found in a relatively high proportion, with 23% of the seeds with two, 11% with three and 1% with four embryos. The embryonic axis constitutes 1.3% of the total mature embryo mass.
Storability of fresh embryos
After 10 d of storage, germination of fresh embryos stored at 5, 10 and 20°C decreased from 100% to 50, 30 and 0%, respectively. At 18 d, only the embryos stored at 5°C still showed some germination, albeit very low (5%) (results not shown).
Germination, water relations and loss of viability during seed desiccation
To determine the best temperature for germination, mature embryos of I. vera (fresh or dried to different MCs) were incubated at eight temperatures, ranging from 5 to 40°C. Fresh embryos attained 100% germination in a wide range of temperatures, from 15 to 40°C (Table 1 and Fig. 3) , with faster germination occurring at 35 and 30°C. Under such temperatures, embryos started to germinate as soon as 12 h after the beginning of the test and reached c. 100% within 3 d (Fig. 3) . At 10°C the final germination of fresh embryos was also high (85%) ( Table 1) , although slower (from 9 to 47 d) (Fig. 3, inset) . At 5°C germination was only 6% (Table 1) . Desiccation of mature embryos from 1.38 to 1.0 g H 2 O (g dry matter)
‫1מ‬
did not affect the final germination (Table 1) , nor the germination speed (not shown). However, further removal of water from the embryos quickly reduced germination, particularly at lower temperatures (Table 1) .
It is worth noting the high variation in MC among individual embryos in the same batch. In ten fresh, mature embryos, the MC ranged from 1.05 to 1.58 g H 2 O (g dry matter)
‫1מ‬ , with an average of 1.38 g H 2 O (g dry matter)
‫1מ‬ and a standard deviation of 3%. When dried to 0.75 g H 2 O (g dry matter)
‫1מ‬ , the differences among embryos became even greater, ranging from 0.57 to 0.99 g H 2 O (g dry matter)
‫1מ‬ , with a standard deviation of 0.12%.
The optimal germination temperature (35°C) was used for germination tests of fresh and dried developing embryos. Embryos from seeds collected at 6 WAF attained 80% germination, which did not change when they were dried from 2.95 to 1.84 g H 2 O (g dry matter)
‫1מ‬ . Further desiccation led to a drop in germination, with 0.43 g H 2 O (g dry matter)
‫1מ‬ being the lethal moisture content, i.e. when all embryos died (Fig. 4) . Seeds collected at 9 WAF showed similar behaviour, i.e. an initial germination of 81%, not affected by mild drying to 1.25 g H 2 O (g dry matter)
‫1מ‬ . Further removal of water decreased germination, with 0.43 g H 2 O (g dry matter)
‫1מ‬ as the limit for the maintenance of some viability (Fig. 4) . Seeds collected at 10 WAF attained 86% of germination, which is close to the values shown by the two previous developmental stages. However, germination increased to 99% with desiccation to 1.07 g H 2 O (g dry matter)
‫1מ‬ . Continuation of drying led to a quick drop in germination, with the same lethal MC as observed for the other developmental stages (Fig. 4) .
A decreasing desiccation sensitivity with development was observed ( Table 2 ). For instance, drying the embryos to 1.0 g H 2 O (g dry matter)
‫1מ‬ reduced germination by 71% and 16%, for seeds collected at 6 and 10 WAF, respectively. For mature seeds, such desiccation had no effect on germination. The MC at which germination of 50% of the embryos (G 50 ) was observed, dropped from 1.17 to 0.69 g H 2 O (g dry matter)
‫1מ‬ for seeds at 6 and 14 WAF, respectively (Table 2) . Although the critical moisture content decreased with development, the lethal moisture content was the same (around 0.4 g H 2 O (g dry matter)
‫1מ‬ for all developmental stages studied (Fig. 4) .
For mature embryos the three dehydration conditions tested provided very different drying rates. Drying at fast, intermediate and slow rates decreased the MC from 1.38 g H 2 O (g dry matter)
(initial MC) to c. 0.39 g H 2 O (g dry matter)
‫1מ‬ (the lowest MC considered) after 27, 51 and 106 h, respectively (Fig. 5a ). However, germination was not influenced to any great extent by those different drying rates (Fig. 5b) .
Embryos at different developmental stages dried under the same condition (35% RH; 20°C) exhibited similar rates of water loss (Fig. 6) , although the water potential varied with the maturation stage (Fig. 7) . The more mature the embryo, the greater (less negative) its water potential for the same MC. For instance at 1.0 g H 2 O (g dry matter)
‫1מ‬ the water potentials of embryos with 6, 9 and 14 WAF were -9.0, -6.3 and -4.1 MPa, respectively (Fig. 7) . The sorption isotherms of immature and mature embryos showed a hyperbolic shape (Fig. 8) , which is in accord with isotherms of other desiccation-sensitive seeds and plant tissues, such as cacao (Leopold and Vertucci, 1986) , germinated axes of soybean and leaves of Polypodium vulgare (Vertucci and Leopold, 1987a) .
DNA content
At shedding, 4C DNA content was 7.8 and 14.3% in the shoot and root apices, respectively (Fig. 9) . Although quite different numerically, these averages are statistically comparable (t-test; P = 0.05), because of the high variation in the individual values within the ten shoots and the ten roots used (3.0-14.1% and 9.3-22.4%, respectively). Both 2C and 4C DNA contents remained constant in the shoot and in the root apex during the developmental period studied (Fig. 9) . Upon germination (13 h of imbibition at 35°C), 4C DNA contents in the shoot and root apex were 11.2 and 17.5%, respectively, statistically still similar to values at shedding.
Microtubules
Embryonic axes of fresh mature I. vera seeds exhibited an extensive cortical microtubular cytoskeleton. In the root apex MTs appeared transversely oriented (Fig.  10a) , while in the shoot apex they were less ordered (Fig. 10b) . No mitotic configurations (preprophase band, spindle or phragmoplast) were found, indicating that at shedding there is no cell division. Slight desiccation of the embryos [from 1.38 to 1.0 g H 2 O (g dry matter)
‫1מ‬
] had no effect on MT abundance (Figs 10c  and 10d ), but further drying [to 0.75 g H 2 O (g dry matter)
] caused a dramatic decrease in their abundance and the appearance of tubulin granules or clusters (Fig. 10e) . The damage became even worse with drying to 0.59 g H 2 O (g dry matter)
, which led to a complete disappearance of the microtubular cytoskeleton and a great reduction in the tubulin granules (Fig. 10f) . When the embryos were dried to 0.39 g H 2 O (g dry matter) ‫1מ‬ , showing abundant cortical MTs, similar to the control; germination is also 100%. (e) Root apex of embryos dried to 0.75 g H 2 O (g dry matter)
‫1מ‬ . Very few MTs can be seen. Tubulin granules (arrows) appeared, as a result of MT breakdown. At this point, germination dropped to 69%. (f) Root apex of embryos dried to 0.59 g H 2 O (g dry matter)
‫1מ‬ . MTs totally disappeared and very few tubulin granules (arrows) can still be seen. Germination is only 23%. (g) At 0.39 g H 2 O (g dry matter)
‫1מ‬ , neither MTs nor tubulin granules can be visualized; here, germination is close to zero. (h) Root apex upon radicle protrusion (non-dried embryos) showing only cortical MTs. Bars indicate 25 µm. observed (Fig. 10g) . No differences were found between root and shoot regarding the rate of the collapse of MTs during dehydration. No mitotic configurations of MTs were found in radicle cells of fresh axes upon protrusion (Fig. 10h) , indicating that cell division is not required for completion of germination.
Discussion
Fresh and dry masses of I. vera embryos continued to accumulate until shedding. This is a common feature of recalcitrant seeds . In the 8 weeks of development analysed (from 6 to 14 WAF), the gain in fresh and dry mass of the whole embryo was more intense during the last 4 weeks. Axes also accumulated fresh and dry mass until shedding, but the gain was more intense in the first half of the period analysed. Since fresh and dry mass of the embryos accumulated until shedding, the decline in water content observed during development was not due to water loss, but the result of dry mass accumulating more than water .
The almost total loss of germinability of mature I. vera embryos after only 18 d of storage at 5°C is consistent with the poor storability of recalcitrant types in general (Roberts, 1973; Chin, 1989 ) and the remarkably short life span reported for seeds of other Inga species (Bilia et al., 1999) . Although the storage conditions are hardly the same among the several storage trials reported in the literature for various recalcitrant species, the present results might rank I. vera among the species with the shortest storability known. In the present study, microbial proliferation could not account for the loss of viability of the embryos during storage, since it did not occur. One of the possible causes is that, during storage, hydrated seeds remain metabolically active, with extensive vacuolation and increase in size of cells. There would be a necessity for additional water, which is not supplied, resulting in increasing water stress to the seeds .
When dried at 35% RH, developing and mature I. vera embryos showed similar rates of water loss. Different situations have been reported for other species, such as Landolphia kirkii and Camellia sinensis, which displayed increasing drying rates with development (Berjak et al., 1992 (Berjak et al., , 1993 , and Avicennia marina, with opposite behaviour (Farrant et al., 1993 ). It appears that there is no relation between drying rate and developmental stages of recalcitrant seeds. Interestingly, drying rates of I. vera were not influenced by the increasing embryo water potential verified during development.
Many tropical recalcitrant species cannot be cooled below about 10-15°C without causing chilling injury (Roberts and Ellis, 1989) . The high germination attained at 10°C (85-90%) by fresh or slightly dried I. vera embryos (Table 1) indicates that the species is quite resistant to low temperatures, at least to 10°C, since at 5°C germination was practically absent. Similar results were found by Pritchard et al. (1995) for four Inga species, which showed high germination at 11°C, but very low germination or none at all at 8°C. In seeds of Shorea roxburghii, chilling injury also occurs at between 5 and 10°C (Corbineau and Côme, 1988) .
The decrease in desiccation sensitivity with development, shown by I. vera seeds, appears to be the normal feature for recalcitrant seeds, since it has been reported for many other species, including Camellia sinensis (Berjak et al., 1993) , Acer pseudoplatanus (Hong and Ellis, 1990) and Quercus robur (Finch-Savage, 1992) . Increasing desiccation sensitivity with maturation seems to be rare, and has been reported only for seeds of Landolphia kirkii (Berjak et al., 1992) . It should be stressed, however, that even with the decrease in desiccation sensitivity during development, I. vera seeds are still highly desiccation sensitive at shedding.
The observed increase in germinability of developing I. vera seeds after slight drying has also been reported for developing seeds of other species, e.g. Quercus robur (Erdey et al., 2003) and Ekebergia capensis (Pammenter et al., 1998; Erdey et al., 2003) , and has been attributed to a continuation of maturation processes .
The critical moisture content of mature embryos of I. vera, between 0.75 and 1.0 g H 2 O (g dry matter)
‫1מ‬ , corresponding to 1.08 and 1.50 g H 2 O (g dry matter)
‫1מ‬
for the embryonic axes, is comparable to that found by Pritchard et al. (1995) ‫1מ‬ ], and their corresponding water activities (0.96-0.98) and water potentials (-1.5 to -5.0 MPa) (Hong and Ellis, 1996 and references therein). The lethal MC, both in immature and in mature embryos of I. vera, c. 0.43 g H 2 O (g dry matter)
‫1מ‬ , was very close to the results reported by Pritchard et al. (1995) for several Inga species.
In the present study, total loss of viability occurred at an a w around 0.88. In such a high humidity range (above 0.60 a w ), the water is considered to be free water, which is easily removed during drying (Vertucci and Leopold, 1987a, b; Grabe, 1989) . It has already been shown that loss of viability in recalcitrant seeds occurs at hydration levels far higher than those at which water would be removed from cellular membranes and other macromolecular structures (Pammenter et al., 1991; Berjak et al., 1992) . The water that is associated (strongly bound) with molecular surfaces, also called non-freezable or structural water, is found at a very low humidity range (0-0.2 a w ) (Vertucci and Leopold, 1987a, b; Berjak et al., 1993) .
It has been suggested that the drastic drop in water at maturation drying might inhibit DNA synthesis, resulting in accumulation of cells at the presynthetic G 1 phase (Deltour, 1985) . However, I. vera seeds, which do not undergo maturation drying, are shed with most of the cells (81%) in the root apex arrested at the G 1 phase, with nuclei containing 2C DNA. Castanea sativa, another recalcitrant species, is also shed with most of the cells (94%) in the root tip arrested at the G 1 phase (Bino et al., 1993) . In root meristems of seeds of the highly recalcitrant species Avicennia marina, Boubriak et al. (2000) have shown that DNA synthesis decreased during development, ceased at shedding, but was resumed 48 h later, whether or not the seeds had access to exogenous water. The authors suggested that this temporary replication arrest at the time of shedding is, in fact, an extended interphase. In seeds of neem (Azadirachta indica) at 10 weeks after pollination, when full germinative capacity is attained, the MC is still high [1.04 g H 2 O (g dry matter)
‫1מ‬ ], but 4C DNA content is only 6% (Sacandé, 2000) . In a study with seeds of Norway maple (Acer platanoides; orthodox) and sycamore (A. pseudoplatanus; recalcitrant), which are shed with 1.17 and 0.35 g H 2 O (g dry matter)
‫1מ‬ , respectively, Finch-Savage et al. (1998) found no difference in the 4C DNA content in radicle tips of mature seeds of both species (37 and 38%, respectively). All these results strongly support the suggestion of Bino et al. (1993) ; the arrest of the cell cycle in G 1 is not directly linked to the seed water status.
From 6 WAF onwards, we observed neither DNA replication activity nor mitosis in the root apex of I. vera embryos; 2C and 4C DNA contents were constant. This suggests that there are two blocks in the cell cycle: one at G 2 , which prevents the progress of cells with 4C nuclei through mitosis, and another at G 1 , which keeps the cells at pre-synthetic phase.
The abundant cortical microtubules in cells of fresh axes of I. vera might be an indication that, at shedding, those cells are metabolically active. The different orientation of MTs in cells of the root (transverse) and shoot (no predominant orientation) could be related to their differential growth rate and patterning upon germination, with root growth occurring before shoot elongation. Transversely oriented MTs enable root cells for prompt elongation, while less-ordered MTs in the shoot cells would need to be rearranged before cell elongation. In elongating cells, cortical MTs are generally transverse to the direction of cell expansion (Yuan et al., 1994) and act by channelling cellulose-synthesizing complexes across the plasma membrane (Lloyd, 1994) .
During dehydration of Inga vera embryos, the microtubular cytoskeleton became disrupted at around -4.5 MPa, similar to the values reported for seeds of Trichilia dregeana (-3.8 MPa) and Quercus robur (-3.5 MPa) (Mycock et al., 2000) . There is a general trend towards contraction or dismantling of organelles during water stress to about -5 MPa (Walters et al., 2002) .
Under normal conditions, the tubulin released from the disassembly (depolymerization) of microtubules is not catabolized and returns to the cytoplasmic pool, maintaining an equilibrium between MTs and free tubulin (Dustin, 1978) . In the present study the appearance of tubulin granules was observed during drying of the embryos as a consequence of the breakdown of MTs. However, it appears that the severity of the desiccation not only disassembled the MTs, but also led to a degradation of the tubulin. Tubulin granules were also observed in dried seeds of tomato (de Castro et al., 2001 ) and coffee (Amaral da Silva, 2002) .
Breakdown of MTs, and the subsequent inability of reassembly, may be regarded as one of the causes of desiccation sensitivity . The relation between MT dismantling and cell death during desiccation has been attributed to the loss of functional biochemical pathways associated with the cytoskeleton (Mycock et al., 2000) . Although in plants the cytoskeleton is more involved with intracellular transport and cell division, and less in the maintenance of cell shape, which is guaranteed by the relatively rigid cell walls (Goddard et al., 1994) , the cellular collapse during desiccation has also been linked to damage to the cytoskeleton .
As in every biotic or abiotic stress, it is plausible that there is a limit to the magnitude of the damage to the MTs caused by seed desiccation, which can still be reverted by the cells when seeds are put to germinate. This could explain why 69% of the I. vera embryos dried to 0.75 g H 2 O (g dry matter)
‫1מ‬ could still germinate. Hence, the damage in these embryos was not too severe, as it was in the other 31% of the population. The most prominent reason for this variation is the great difference in MC among individual embryos in a same batch, which leads to different drying rates and different MCs at the end of the drying period.
Our data show that axes from fresh (non-dried) seeds with 100% germination display a welldeveloped MT cortical cytoskeleton, whereas seeds dried to the lethal MC exhibit neither MTs nor tubulin granules (cf. Figs 10a and g ). Regarding the intermediate condition, the almost complete disappearance of MTs in embryonic axis cells of embryos dried to 0.75 g H 2 O (g dry matter)
‫1מ‬ (Fig. 10e ) coincided with a drop from 100 to 69% germination, and was observed in all axes analysed for that treatment. The probability that only non-germinable axes have been sampled is less than 1%, suggesting that the damage to the MTs, although severe (Fig. 10e) , could still be reverted when seeds were rehydrated. Using the same reasoning, it is probable that the absence of MTs and reduction of tubulin granules in cells of embryos dried to 0.59 g H 2 O (g dry matter) ‫1מ‬ (23% germination) (Fig. 10f ) represent seeds that would not germinate. Thus, the visible threshold for the reversibility of the damage caused to the MTs during drying of I. vera seeds is probably between the situations shown in Fig. 10e and in Fig. 10f .
It is clear that there is a strong correlation between disappearance of MTs and loss of viability during drying of I. vera seeds, suggesting that, upon rehydration, severely damaged cells are no longer able to rebuild the microtubular cytoskeleton. Although very few studies have been devoted to desiccation damage of the cytoskeleton in recalcitrant seeds (e.g. Mycock et al., 2000; Gumede et al., 2003) , it seems that this might be a general feature among such seeds.
